Side-looking radar images of Arctic sea ice were obtained as part of the Arctic Ice Dynamics Joint Experiment. Repetitive coverages of a test site in the Arctic were used to measure sea ice drift, employing single images and blocks of overlappin. g radar image strips; the images were used in conjunction with data from the aircraft inertial navigatio. n and altimeter. Also, independently measured, accurate positions of a number of ground control points were available. Initial tests of the method were carried out with repeated coverages of a land area on the Alaska coast (Prudhoe). Absolute accuracies achieved were essentially limited by the accuracy of the inertial navigation data. Errors of drift measurements were found to be about +2.5 km. Relative accuracy is higher; its limits are set by the radar image geometry and the definition of identical features in sequential images. The drift of adjacent ice features with respect to one another could be determined with errors of less than +0.2 km.
Images were taken at different seasons through clouds and fog and, in some cases, during the night. Such conditions occur frequently in the polar regions. This all time, all weather, highresolution capability (up to 3 X 3 m: or, more commonly, 25 X 25 m :) makes radar a remote-sensing tool well suited to providing data on sea ice. A review of the qualitative analysis of Aidjex radar data was given by Campbell et al. [1978] , confirming and extending experiences of numerous earlier radar sea ice studies (Anderson [1966] The subject of this paper is the development and analysis of a technique for accurate sea ice drift measurements with SAR image blocks; it is described step by step in section 2, where procedural aspects are emphasized. Details of the algorithms are, however, contained in two appendices. Experiences are reported in subsequent sections. A test of the performance of the method and the Aidjex data are described in section 3, using images taken over land. Results obtained from sea ice radar images are presented and discussed in section 4. These results are significant in assessing the applicability of radar images to mapping and studying the dynamics of sea ice far from land. This assessment applies to aircraft radar but permits by extrapolation, the evaluation of the utility of orbital radar images from Seasat-SAR and subsequent spacecraft in near-polar orbits. the form of overlapping images, comparable to the arrangement presented in Figure 2 . With such data, ice drift is determined by going through the following sequential steps: (1) identification of a limited number of selected homologous ice features in sequential, unrectified radar images, (2) measurement of radar image coordinates of identified features, (3) transformation of radar image coordinates into a reference coordinate system, for example, geographic, geocentric, etc., this transformation representing a numerical rectification, (4) relative fit of overlapping rectified images that form a block ('internal radar block adjustment'), (5) correction of the preliminary coordinates using ground truth, i.e., ground control points ('external radar block adjustment'), and (6) computation of drift by comparison of coordinates of homologous features obtained from sequential coverages.
Step 4 must be omitted if only individual SAR images without overlaps are available.
Step 5 has to be bypassed if ground truth is lacking.
The identification of ice features in sequential radar images was previously demonstrated by several authors (Loshchiloo and Voyeoodin [1972] and others) and does•not present problems over periods thus far considered (weeks). However, the above procedure presents a more rigorous and comprehensive radargrammetric approach to ice drift mapping than was previously proposed. Its computational components are based on work on radar mapping of the moon and of large land areas [Leberl, 1975a [Leberl, , 1976 . This is modified here and constitutes a new approach to sea ice radar mapping. 
e. External Adjustment of the SAR Block
Provided that ground control positions are measured for drifting stations or for land features and that the points can be identified on the radar images, information is available on the deformation of the SAR block. For each ground position there exists also a set of coordinates derived radargrammetrically.
Differences between the two sets of coordinates are used to interpolate corrections to the radargrammetric coordinate of other points. Any of a multitude of different algorithms for interpolation may be appropriate for the purpose. In the present case the method of 'moving averages' [Yaglom, 1962] is used to warp the radargrammetric block onto the set of control points.
f
Comparison of Sequential Coverages and Comments
Each radar block produces a set of coordinates for selected ice features. It is then a straightforward process to obtain measures of ice motion in the map projection or in threedimensional space. The map projection may produce artificial 'ice motion' as a result of projection deformations; but for small areas of 200 X 200 km: or so these problems can be neglected [Hibler et al., 1975] . For larger areas, such as those that will be studied using satellite radar, measures of ice motion may have to be defined three-dimensional space.
The use of ground control points described here in the external adjustment is typical for a situation where these points are widely spaced and bridged only by image blocks rather than an individual image strip. Various other methods of using ground control are conceivable and have been discussed by Leberl [1978] . One such method eliminates image errors in the process of transforming time t, and range r, into the reference system rather than doing it after the transformation. This alternative is also available in our computer program system for section 2c. It has not been used in the present context, since for a meaningful application it would require a fairly dense network of ground control points which were not available in Aidjex.
In the absence of ground control points the determination of ground coordinates of ice features ends after the internal adjustment. The question arises whether such adjustment in this case is important at all, since, from reasons I and 4 in section 2d, a mere internal adjustment, even without a follow-up external one, is significant. The use of redundant, independent data in the image overlap reduces absolute errors. The en- Three drifting, manned ground stations forming a triangle were identified on the radar images. Geocentric coordinates of these stations were geodetically measured, observing Doppler navigation satellites during the SAR overflights. The first step in the analysis addressed these ground stations. The radar images were used to determine geocentric coordinates of identified ground stations going through steps 1-3 of the mapping procedure described in section 2a (radargrammetric method). These coordinates were then compared with those obtained from geodetic observations. The result is presented in Figure 6 . Station 'Snowbird' could be identified on SAR images of both dates. 'Blue Fox' w_as identifiable on all images, but geodetic observations were only available on October 10, 1975.
'Caribou' was also identified, but owing to a malfunction of the SAR, there were no time marks generated on some of the images of October 26, 1975 (on the four southern strips); therefore no aircraft position vector s or velocity vector • was available in these images. As a result, geocentric coordinates of Caribou from radar on this date could only be obtained by going through step 4 of section 2a; the internal adjustment served much like a method of approximate connection of geodetic nets.
The difficulties encountered with a radargrammetric measurement of the ground position for station Caribou clearly demonstrate the significance of time marks and of an internal adjustment. There was a compression in the north-south direction, while in the east-west direction there was a stretch. The scale difference (affinity) amounts to about 10%.
CONCLUSION AND OUTLOOK
A method has been presented for mapping sea ice, measuring its drift, and describing its deformation using side-looking radar (SAR). The application of the method was demonstrated with an example of a pair of image blocks taken far from land as part of Aidjex, using the L band SAR of the Jet Propulsion Laboratory. The potential accuracy of the method and the data were analyzed with SAR images taken over land and which produced an 'apparent drift' that represents the error of a drift measurement. If this measurement has to be based solely on inertial navigation data, it was found that the measuring accuracy is about ,1_ 3 km. In the event that ground control is available, the accuracy may be improved to fractions of a kilometer. This is also the order of magnitude for measuring relative ice motion of features with respect to one another. This accuracy is limited by the radar geometry and identification of homologous features in sequential images.
The errors of drift measurements introduced through inertial navigation errors are detrimental to ice deformation studies if an area is too large to be covered by just one single radar image strip. Surface points that are close to each other but appear on different images may get vastly different ground coordinates. As a result, one would erroneously have to conclude that discontinuous deformations of the ice took place. In order to reduce this problem we have in our procedure defined tie points to link adjacent overlapping images into a continuous image block. We have shown that this causes discrepancies (discontinuities) to drop from -1-3 km to a mere -1-0.07 km and therefore greatly improves the accuracy of relative positions of one ice feature with respect to another, particularly within a small area of several tens of kilometers.
The performance of radar ice mapping can be expected to improve with better navigation data, with improvement of the internal radar geometry, and with more favorable look angles off nadir. An SAR system imaging near the aircraft nadir will produce images that have a geometry sensitive to slight variations of the aircraft altitude.
Satellite radar images have the pc•tential for more accurate ice drift measurements than those ol•tained in the examples of this paper. This applies provided that the internal geometry of the satellite radar sensor is improved with well-defined time marks, range reference lines, and range scale factors. Advantage can then be taken of the improved knowledge of the sensor's position and attitude. The more uniform look angle of satellite radar (Seasat: 17ø-23 ø) as opposed to aircraft radar (0o-55 ø ) promises increased ease of identifying homologous ice features. In the event that sequential satellite radar passes of large polar regions can be obtained, one will be in a position to acquire sea ice drift using the methods presented here. 
